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Abstract
We compare optical tracking with inertial tracking of a golf club for full golf swings. Previous work on tracking golf
clubs with inertial measurement units (IMUs) was limited to putting applications [1]. Using a Vicon optical motion
capture system and a commercial micro-electromechanical-system (MEMS) IMU, we performed simultaneous optical
and inertial measurements of golf swings by one of our varsity golf team members. The IMU and ﬁve optical tracking
markers were attached to a club shaft just under the grip. The position and orientation data of the grip can be used
with a dynamics simulation of the club shaft and head to yield information about the club face launch conditions at the
moment of ball impact [2]. Vicon marker position data, and IMU accelerations and rotation rates, were converted into
laboratory frame position and orientation data for the grip of the club and compared with one another. The results point
to challenges with commercial-grade IMUs that use MEMS for tracking golf swings. Strapdown inertial navigation is
very sensitive to errors in the rotation rate and acceleration sensors. Due to the large dynamic ranges involved in a golf
swing, and the poor noise, stability, and dynamic range of the MEMS IMUs, high-ﬁdelity tracking of the 6-degree-of-
freedom grip motion could not be achieved. We suggest that a way to overcome these challenges could be by including
magnetometer data with an extended Kalman ﬁlter to provide the necessary accuracy in orientation to reconstruct the
position of the club accurately in three dimensions.
c© 2012 Published by Elsevier Ltd.
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1. Introduction
Currently the most accurate way of tracking a golfer’s swing is to use optical motion tracking. These
tracking systems can be very expensive, are not conveniently portable, and do not work well outdoors in
bright sunlight. A more ideal way would be to have something small that could attach to the golfer’s club
and be used to track the club’s motion.
This is where inertial measurement units (IMUs) comprising accelerometers and gyroscopes made from
micro-electro-mechanical-systems (MEMS) are particularly attractive. They are low cost, are small enough
to be strapped to a golf club, and require very little power. By making use of the acceleration and rotation-
rate information from them, strapdown inertial navigation [3] can be used to determine the position and
orientation of the club in space.
Due to the short time duration of a golf swing, and the small distance through which the club travels,
the “ﬂat earth” approximation can be used in the navigation equations which ignores the curvature of the
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earth, variations in the earth’s gravitational ﬁeld, and eﬀects due to the earth’s rotation. This simpliﬁes the
navigation equations signiﬁcantly, and allows the orientation equations to be solved independently of the
position equations.
Inertial navigation (IN) accelerometers measure what is called the “body force” which is a combination
of the gravitational and translational acceleration. Even if the sensor is not moving with respect to the earth,
it is still measuring the acceleration due to gravity. Mathematically this is expressed as Equation 1, where
the i superscript indicates the laboratory inertial reference frame, and a, f , and gl represent the acceleration,
body force, and local gravity vector, respectively.
ai = f i + gil (1)
Oliver Woodman in his 2007 report “An Introduction To Inertial Navigation” [4] explains that it is
necessary to have very accurate rotation sensors in inertial navigation systems because the precise orientation
of the body must be known in order to mathematically cancel-out the gravitational acceleration to ﬁnd the
translational acceleration. If this orientation is oﬀ by even a small amount, the gravitational acceleration will
be incorrectly canceled and appear as translational acceleration perpendicular to the gravitational vector.
This fact, coupled with the inherently noisy and unstable signal and limited dynamic range of inexpen-
sive MEMS IMUs, makes precise inertial navigation in situations of high rotation rates and acceleration
exceedingly diﬃcult, even over short time spans.
2. Experimental Setup
For our IN measurements we used a Memsense Nano IMU model NA10-1200F050M which has a ±
10 G acceleration range, a ± 1200 deg/s rotation rate range, a ± 1.9 gauss magnetic ﬁeld range, and a 155
Hz sampling rate. Despite the presence of a magnetic ﬁeld sensor, we only concerned ourselves with the
accelerometer and gyroscope sensors. This instrument gave us the rotation rates and body forces in the
body-ﬁxed frame attached to the golf club.
For the optical tracking measurements we used a Vicon MX20+ motion tracking system with eight 2.0
megapixel cameras using the Vicon 1.2 software. This gave us the X,Y,Z position of the optical tracking
markers in the laboratory inertial frame with sub-millimeter accuracy at a 250 Hz sampling rate.
See Figure 1 for a diagram of the golf club with the optical tracking markers and IMU mounted to a
plastic holder just underneath the grip.
Fig. 1. Club with optical markers and IMU
For the golf swings, we had one of our varsity golf team members swing the club. We recorded 16
swings in total, with 14 of them producing usable data both from the IMU and the Vicon. The golfer did not
hit an actual ball, as this would have disrupted the inertial sensors.
Before and after each swing the club was placed in a tripod holder to ensure a known starting and ending
position. The Vicon and IMU data were synchronized simply by jarring the club with produced impulses
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in the Vicon position and IMU acceleration data. The club then remained at rest for a period of at least 10
seconds before each swing to get an average value of the local gravity vector and the rotation rates.
The IMU did not come with any calibration information. In order to ensure we used the correct rotation
rates and body forces in the data processing, we performed a simple calibration with a precisely machined
aluminum block with faces at right-angles to each other, and a leveled toolmaker’s microscope. By attaching
the IMU to one face and placing the block on its other faces while being held stationary and also rotating
precisely through a known angle, we were able to determine the orthogonality, scale factors, and biases of
the accelerometers and gyroscopes.
This calibration information was applied to the data measured during the golf swings before beginning
the data processing.
3. Data Processing
The data processing was done primarily in the GNU Octave environment with a few optimization steps
done using Matlab optimization functions.
In the data processing steps, there is a great deal of conversion between various reference frames. There
are two coordinate frames of primary interest in tracking the golf grip:
• Stationary laboratory inertial reference frame. The Vicon reports data in this frame, and we want to
convert the IMU data into this frame. In equations it is represented by a superscript i.
• Body-ﬁxed reference frame. This frame moves along with the golf club and is stationary with respect
to the IMU and Vicon tracking markers. In equations it is represented by a superscript b.
These two reference frames are related by a rotation. In our work we chose to use unit quaternions,
represented by q, in order to avoid singularity problems present in an Euler angle representation.
To convert a vector from one frame to another we made use of the direction cosine matrix Cib(q) which
depends on the orientation quaternion q and converts vectors from the body-ﬁxed frame to the inertial
frame. For example, we can use Equation 1 and the direction cosine matrix to solve for the inertial frame
accelerations given the body-ﬁxed frame body-forces, Equation 2.
ai = Cib(q) · f b + gil (2)
Because of the “ﬂat earth” approximation, the orientation data can be integrated independently of the
position information. In order to integrate the unit quaternions we assumed the gyroscope rotation rates
were constant during the IMU’s sampling period. This allowed us to use a very fast analytical equation to
propagate the quaternions forward in time instead of using a full ODE solver. A comparison between the
approximated and the full ODE solution for a couple of swings revealed that this approximation had very
little eﬀect on the ﬁnal results, while being orders of magnitude faster.
Once the orientation quaternions were calculated, the body forces were processed through Equation 2
to determine the inertial frame accelerations. These were integrated to determine the velocity, then again to
give the position.
In both the orientation and position integrations, we knew the initial conditions because of the club’s
position in the holding tripod at the beginning of each measurement. To determine the initial orientation of
the IMU we used the direction of the local gravity vector as well as the Vicon marker information.
Unit quaternions use four quantities to encapsulate three orientation quantities in a singularity-free way.
Because of this redundancy, in the plots presented in this paper we make use of the rotation vector μ. Its
direction deﬁnes the axis around which the body should be rotated, and its magnitude is the radians through
which the body should rotate. This vector has three components and a singularity only when it is equal to the
null vector, which was never encountered in our measurements. We chose not to use Euler angles because
their singularity would be encountered for every swing, no matter what ordering we used.
Processing the Vicon data was much easier. A stationary calibration recording of the club markers was
done to determine their location with respect to one another. There were ﬁve markers in total: Three in an
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equilateral triangle around the club shaft, and one on the top and one on the bottom face of the plastic IMU
mount.
At each time step of the recorded data, the position and orientation of the marker template position was
optimized with a gradient-descent optimizer and a least-squares objective function to ﬁnd the most likely
position of the grip. This was done to combat the millimeter-level noise present in the Vicon data recordings,
and to increase the accuracy of the position and orientation reconstruction.
These steps yielded the club grip’s position and orientation in the inertial reference frame. This data was
compared with the position and orientation of the grip found using the IMU’s accelerometer and gyroscope
measurements.
In order to compare the IMU and Vicon data in the same inertial frame, it was necessary to align the IMU
and Vicon body ﬁxed frames. This was done by diﬀerentiating the Vicon position data to get the inertial
frame acceleration, then using the orientation information and Equation 2 to determine the body forces the
IMU should have been measuring at a few points in time. By using an optimizer, the inertial frame local
gravity vector and the orientation between the IMU and Vicon body ﬁxed reference frames was computed.
Then all IMU data was converted from the IMU body frame to the Vicon body frame before integration in
order to do all comparisons in the Vicon inertial frame.
The 10 second resting period before each swing was used to determine the local gravity vector in the
IMU’s body frame, and to determine the bias values of the gyroscopes. However, it will be shown in Section
4 that due to drift in the accelerometers and gyroscopes, this information was of limited value.
4. Results
4.1. Noise
Before launching into a comparison between the position and orientation results computed using the
IMU and Vicon, it will be beneﬁcial to examine sources of inaccuracy in the IMU’s gyroscopes. According
to [4] the most critical sensors for position reconstruction are actually the gyroscopes. These will be the
focus of the following discussion.
Two ways of quantifying the inaccuracy of the gyroscopes are with the angle random walk (ARW) and
bias instability (BI) [4, 5, 6, 7, 8]. The Allan Variance (AVAR) [9], which will not be discussed in this paper,
is an important graphical technique that can be used to visualize and quantify sensor noise.
The ARW is due to white noise in the sensors, and is a statistical measure of the deviation of the sensor
with time. Since the sensor noise covers the entire frequency spectrum, it cannot be ﬁltered out. In our
analysis we tried several diﬀerent ﬁlters to reduce the eﬀects of this noise, but found that no ﬁltering gave
the best results.
The BI is due to ﬂicker noise in the electronics, and is strong at low frequencies. It causes the bias
of the gyroscopes and accelerometers to vary with time in an unpredictable manner. Thus, even though
we measured the bias of the gyroscopes during the resting period of each swing and subtracted it from the
gyroscope data, this bias actually changes during the swing.
We measured the ARW and BI of our IMU by doing a 30 minute recording while it sat completely still.
We used statistical methods to calculate these both as a function of time and on average. Table 1 presents
the average ARW and BI over a 30 minute period. The magnitude of these noises are large enough to aﬀect
the orientation reconstruction of the gyroscopes in less than 10 seconds, even when the club is at rest.
Table 1. IMU gyroscope noise measurements over a 30 minute period
Axis Angle Random Walk deg/
√
h Bias Instability deg/h
X 2.77 54.45
Y 2.77 52.76
Z 2.96 78.98
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These noise ﬁgures are on par with those presented in [4] for the Xsens MTx IMU, which is another
low-cost IMU, and are two orders of magnitude greater than the optical gyroscopes used in commercial IN
systems (see Table 1 of [4] and Tables II and V of [8]).
The eﬀect of this noise and instability on the gyroscope measurements is to cause the computed ori-
entation to slowly drift away from the actual orientation. This poses a large problem as the local gravity
vector will be incorrectly subtracted from the accelerometer readings and will result in a considerable false
translational acceleration, which will quickly accumulate into a large drift in position.
When we put the gyroscope and accelerometer data for the stationary club into the IN algorithms, a drift
of 1 meter accumulated after 9 seconds and grew with a 3rd order time dependence.
4.2. Orientation and Position
Figure 2 presents the laboratory inertial frame X components of the rotation (μ) and position vectors for
a full strength swing. For readability and brevity only the X component is shown, but the other components
are qualitatively similar. The X vector points from the golfer’s feet towards the ball.
Fig. 2. Rotation and position vector components in laboratory inertial X direction for a full strength swing
At 19 seconds the club is picked out of the holder. It is immediately before this time that the inertial
navigation algorithms begin to function. At 25.5 seconds the club is above the golfer’s right shoulder. At 26
seconds the club reaches the ball-contact point. At 26.5 seconds the swing is complete and the club is over
the golfer’s left shoulder. After that the club is moved around a bit then put back in its holder at 34 seconds.
One can see that the orientation computed by the IMU is actually quite close to that measured by the
Vicon, and this is true for the other channels and other swing measurements we did, especially for medium-
strength swings. If the orientation alone were suﬃcient to measure a golf swing, then the MEMS IMU
would probably be suﬃcient.
However one can see from the position results that the position calculated by the IMU quickly drifts
away from the true position measured by the Vicon, even before the swing has begun.
In order to double check our IN algorithms, we fed the body-ﬁxed frame rotation rates and body forces
computed from the Vicon’s inertial frame data into the algorithms. The resulting inertial frame orientation
and position data were identical to the original inertial frame data.
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4.3. Swing Dynamic Range
By converting the Vicon’s inertial frame data into the equivalent rotation rates and body forces experi-
enced by the body-ﬁxed frame, we were able to determine the dynamic ranges that would be experienced
by the IMU sensors.
When the golfer swung the club above their right shoulder on the upswing, the magnitude of the rotation
rate and body force was around 500 deg/s and 7.5 G, respectively. On the downswing they peak at around
2500 deg/s and 35 G, respectively. This indicates that the MEMS IMU sensor we employed did not have the
dynamic range to navigate successfully through a full strength golf swing, so it should come as no surprise
that the computed position shows extreme drift once the downswing happens. However this is not the reason
for the poor navigation before the downswing when the rotation rates and accelerations are low.
5. Conclusions
Several challenges exist to realizing a low-cost miniature golf swing tracking system with MEMS IMUs.
Since accuracy in orientation reconstruction is of the utmost importance, it was shown that there is a sig-
niﬁcant challenge introduced by the ARW and BI noise sources in the gyroscope channels. These sources
of noise cannot be predicted or removed by ﬁltering. Although they introduce seemingly small errors in
the orientation when compared to the Vicon, these small errors have a very large eﬀect on the position
reconstruction.
We observed that the dynamic range of a full-strength golf swing is outside the range of the gyroscope
and accelerometer sensors in the IMU we used. In order to successfully track a golf swing using strapdown
IN alone, it is necessary to use small enough sensors with a large dynamic range that possess extremely low
noise (low ARW) and very high measurement stability (low BI). Unfortunately, these requirements seem
to be mutually exclusive. After looking at several diﬀerent IMUs for commercial, navigation, and military
applications, we found that highly accurate IMUs are too large to ﬁt on a golf club and are very expensive.
IMUs small enough to ﬁt on a club that possess the appropriate dynamic range have ARW and BI ﬁgures
too large for successful navigation.
One solution that would likely be eﬀective, but which we did not investigate, would be to use the mag-
netometers on the IMU. These sensors report the orientation of the earth’s magnetic ﬁeld along the sensor’s
three axes. By performing the measurements in an environment free of magnetic disturbances or ferromag-
netic material, one could use an extended Kalman ﬁlter to fuse the magnetometer data and the integrated
gyroscope data to increase the accuracy of the orientation data. Furthermore by tailoring the data processing
algorithms, one could reduce the amount of time over which the system needs to navigate. Since a golf
swing is only a few seconds in duration, it might be possible to keep the position drift acceptably low during
this time.
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